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Abstract: The multiplicity dependence of electron production from heavy-avour hadron
decays as a function of transverse momentum was measured in p-Pb collisions at
p
sNN =
5:02 TeV using the ALICE detector at the LHC. The measurement was performed in the
centre-of-mass rapidity interval  1:07 < ycms < 0:14 and transverse momentum interval
2 < pT < 16 GeV=c. The multiplicity dependence of the production of electrons from
heavy-avour hadron decays was studied by comparing the pT spectra measured for dier-
ent multiplicity classes with those measured in pp collisions (QpPb) and in peripheral p-Pb
collisions (Qcp). The QpPb results obtained are consistent with unity within uncertainties
in the measured pT interval and event classes. This indicates that heavy-avour decay
electron production is consistent with binary scaling and independent of the geometry
of the collision system. Additionally, the results suggest that cold nuclear matter eects
are negligible within uncertainties, in the production of heavy-avour decay electrons at
midrapidity in p-Pb collisions.
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1 Introduction
Ultra-relativistic heavy-ion collisions provide suitable conditions to investigate the prop-
erties of strongly-interacting matter under extreme temperature and/or energy density.
Under these conditions, lattice quantum chromodynamics calculations predict a transition
from a hadronic to a partonic phase, known as the Quark-Gluon Plasma (QGP) [1, 2].
Heavy quarks, i.e., charm and beauty quarks, are sensitive probes of the QGP as they
are predominantly produced in the early stages of the collisions via hard scattering processes
characterised by time scales shorter than the production time of the QGP [3, 4]. Since the
heavy quark production and annihilation rates in the thermal phase are negligible [5], they
experience the entire space-time evolution of the system by interacting via elastic and
radiative processes [6{8].
The nuclear modication factor (RAA) is commonly used to study the energy loss of
partons in the medium. The RAA is dened as the ratio between the transverse momentum
(pT) dierential yield of the produced particles in nucleus-nucleus collisions and the pT-
dierential cross section in proton-proton collisions, scaled by the average number of binary
nucleon-nucleon collisions calculated with the Glauber model [9, 10]. In central Au-Au
collisions at
p
sNN = 200 GeV, both the production of charm mesons and electrons from
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heavy-avour hadron decays are found to be suppressed by a factor of 5 (RAA  0:2) at
midrapidity for pT > 3 GeV=c and pT > 5 GeV=c, respectively [11{13].
In Pb-Pb collisions at
p
sNN = 2:76 and 5.02 TeV, a similar suppression was observed
not only for particles containing charm quarks, but also for those coming from beauty
quark fragmentation (B mesons and non-prompt J/ ) [14{20]. Also, it was found that
the production of jets from beauty quark fragmentation was strongly suppressed [21]. The
RAA is about 0.4 for the jets associated to beauty quarks of the pT range of 80{250 GeV=c
for central Pb-Pb collisions at
p
sNN = 2:76 TeV.
The production of heavy quarks in heavy-ion collisions can be modied by initial-state
eects in Cold Nuclear Matter (CNM), as well as by nal-state eects i.e., energy loss in
the dense medium. The CNM eects include the modication of the Parton Distribution
Functions (PDFs) of the nuclei with respect to a superposition of nucleon PDFs, addressed
by nuclear shadowing models [22, 23] or gluon saturation models such as the Colour Glass
Condensate (CGC) eective theory [24, 25]. Furthermore, CNM eects also include Cronin-
like enhancement (kT broadening) [26{28] and energy loss in the initial [29] and nal [30]
stages of the collision.
Initially, it was assumed that a QGP is not formed in proton-nucleus (p-A) collisions, so
these collisions were used as a baseline for measurements in A-A collisions to test for possible
CNM eects. The ALICE Collaboration reported the pT-dierential nuclear modication
factor RpPb of D mesons [31, 32] and electrons from heavy-avour hadron decay [33] mea-
sured at midrapidity in p-Pb collisions at
p
sNN = 5:02 TeV. The RpPb at midrapidity are
consistent with unity and with theoretical calculations including CNM eects, indicating
that CNM eects are small in this kinematic region. The RpPb measured for B mesons [34]
and jets from from beauty quark fragmentation [35] are also consistent with unity. All
of these results indicate that initial-state eects are small for heavy-avour production at
midrapidity and, on their own, cannot explain the strong suppression observed at high
pT in nucleus-nucleus collisions. However, at forward and backward rapidity, this scenario
can be dierent: muons from heavy-avour hadron decays were measured by ALICE in
p-Pb collisions at
p
sNN = 5:02 TeV [36] and by the PHENIX experiment in d-Au collisions
at
p
sNN = 200 GeV [37]. Both results show a small enhancement at backward rapidities
which implies that CNM eects are present. At forward rapidities, the PHENIX results
show a suppression, while at LHC energies, the ALICE results are compatible with unity.
Similar results are also observed for prompt D0 measurements by the LHCb experiment
for 0 < pT < 8 GeV=c [38]. The enhancement observed at backward rapidity is described
by incoherent multiple scattering eects of partons in the Pb nucleus in the initial- and
nal-state interactions [39]. The suppression observed by PHENIX at forward rapidity can
be explained by gluon shadowing and/or energy loss in CNM [29]. Thus, at RHIC energies,
the CNM eects at forward rapidity are important to describe the suppression observed in
Au+Au collisions.
On the other hand, recent observations indicate that there may be collective eects in
p-A collisions along with modications observed in heavy-avour production. The nuclear
modication factor of electrons from heavy-avour hadron decays at midrapidity was found
to be larger than unity in central d-Au collisions at
p
sNN = 200 GeV in the transverse
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momentum interval 1:5 < pT < 5 GeV=c, measured by PHENIX [40] and the results
are consistent with a model that includes radial ow eects [41]. A positive value of the
anisotropic ow parameter, v2, for electrons [42] and muons [43] from heavy-avour hadron
decays was also observed in p-Pb collisions at
p
sNN = 5:02 TeV. The results suggest that
a collective behaviour induced via nal-state eects may be present in small systems.
Measurements of the heavy-avour particle multiplicity as a function of the number
of charged-particle production in p-Pb collisions can give more insight into the CNM ef-
fects, and possible nal-state eects in small systems. These measurements might help
to constrain the dependence of heavy-avour production on the collision geometry and on
the density of nal-state particles, because Cronin-like enhancement due to multiple-parton
scattering was observed to be stronger in central collisions than in peripheral collisions [44].
Final-state eects, energy loss, and collective behaviour are also sensitive to the particle
multiplicity. In Pb-Pb collisions, the suppression of D mesons and electrons from heavy-
avour hadron decays is stronger in central collisions than in peripheral collisions [17, 18].
The enhancement of electrons from heavy-avour hadron decays in d-Au collisions is re-
produced by a model that includes radial ow eects [41] and it is more pronounced in
central collisions [40]. Thus, if nal-state eects are also present in p-Pb collisions, mod-
ication of the momentum distribution of heavy-avour production could be expected
in high-multiplicity p-Pb collisions. Recently, ALICE measured the pT-dierential nuclear
modication factor of D mesons for dierent multiplicity classes at midrapidity in p-Pb col-
lisions at
p
sNN = 5:02 TeV [32, 45]. These works have shown that the D-meson results are
consistent with binary collision scaling of the yield in pp collisions, within the statistical
and systematic uncertainties.
In this paper, the pT-dierential invariant cross section of electrons from heavy-avour
hadron decays produced in p-Pb collisions at
p
sNN = 5:02 TeV is measured both for
minimum-bias collisions and for dierent charged-particle multiplicity classes. This analysis
extends the previously measured electron spectrum [33] up to a pT of 20 GeV=c which allows
for the study of beauty production in p-Pb collisions, as beauty decays are the dominant
source of electron production at pT > 4 GeV=c [46].
The nuclear modication factor of electrons from heavy-avour hadron decays was
calculated as
RpPb =
1
hTpPbi
dNpPb=dpT
dpp=dpT
; (1.1)
where hTpPbi is the average nuclear overlap function, dNpPb=dpT is the yield of electrons
from heavy-avour hadron decays in p-Pb collisions at
p
sNN = 5:02 TeV, and d
pp=dpT
is the cross section of electrons from heavy-avour hadron decays in pp collisions at
p
s =
5:02 TeV. The calculation of hTpPbi using a Glauber model is discussed in section 2.
The multiplicity dependence of the electrons from heavy-avour hadron decays was
evaluated by means of the QpPb factor, which is obtained by calculating the ratio of spectra
in dierent multiplicity classes with respect to spectra in pp collisions, scaled by the number
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of binary nucleon-nucleon collisions:
QpPb =
1
hTmultpPb i
dNpPbmult=dpT
dpp=dpT
; (1.2)
where hTmultpPb i is the average nuclear overlap function in a given multiplicity class. The
dNpPbmult=dpT is the yield of electrons from heavy-avour hadron decays in p-Pb collisions atp
sNN = 5:02 TeV measured in a given multiplicity class.
The ratio of the nuclear modication factor of electrons from heavy-avour hadron
decays in central multiplicities with respect to peripheral collisions, Qcp, was calculated as
Qcp =
hT peripheralpPb i
hT centralpPb i
dNpPbcentral=dpT
dNpPbperipheral=dpT
; (1.3)
where hT centralpPb i and hT peripheralpPb i are the average nuclear overlap functions in the most
central multiplicity interval and in the most peripheral multiplicity classes, respectively.
The dNpPbcentral=dpT is the yield of electrons from heavy-avour hadron decays in the most
central multiplicity interval and dNpPbperipheral=dpT is the corresponding yield in the most
peripheral multiplicity class.
The QpPb and Qcp were measured within the pT interval of 2 < pT < 16 GeV=c and the
centrality ranges were selected as 0{20%, 20{40%, 40{60%, and 60{100%. The measure-
ments of electron production were performed in the midrapidity region in the centre-of-mass
of the colliding system. This corresponds to the asymmetric range  1:07 < ycms < 0:14,
since the centre-of-mass system moves with a rapidity of ycms = 0:465 in the direction
of the proton beam, due to the dierent energies per nucleon of the proton and the lead
beams. The RpPb was measured in the high-pT region (8 < pT < 20 GeV=c) updating the
results for the momentum range 8{12 GeV=c and extending the pT reach of the previously
reported measurement [33].
The paper is organised as follows. Section 2 describes the detector setup, data sample,
and event selection criteria. Section 3 addresses the analysis details including the electron
identication strategy. Systematic uncertainties are described in section 4. Section 5
describes the pp reference. Section 6 presents the results. A summary is given in section 7.
2 Experimental apparatus, data sample, and event selection
2.1 Experimental apparatus
Detailed descriptions of the ALICE detectors can be found in [47{49]. Electrons were re-
constructed at midrapidity using the Inner Tracking System (ITS), the Time Projection
Chamber (TPC), and the Electromagnetic Calorimeter (EMCal). The detectors are lo-
cated inside a solenoidal magnet, which generates a magnetic eld B = 0:5 T along the
beam direction. Event triggering was performed by the V0 detector, which consists of two
scintillator arrays. The neutron Zero-Degree Calorimeters (ZNC) were used as a centrality
estimator.
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The closest detector to the interaction point is the ITS [50], which is composed of six
cylindrical layers of silicon detectors, located at radii between 3.9 cm and 43 cm. The two
innermost layers form the Silicon Pixel Detector (SPD) which covers the pseudorapidity
range jj < 2:0. The two intermediate layers form the Silicon Drift Detector (SDD) and
the two outer layers consist of double-sided Silicon Strip Detector (SSD). Both cover a
pseudorapidity range of jj < 0:9. The ITS can measure the charged-particle impact
parameter (the distance of closest approach to the vertex) with a resolution better than
75m for transverse momenta pT > 1 GeV=c [50]. It therefore has an important role in
reconstructing the primary and secondary vertices.
The main ALICE tracking device at midrapidity is the Time Projection Chamber [51].
It is a large cylindrical drift detector currently lled with a Ne-CO2 gas mixture surrounding
the ITS and extending from 85 cm to 247 cm in the radial direction and from -250 cm to
+250 cm along the beam axis. The TPC covers jj < 0:9 and full azimuth for the maximum
charged-particle track length of 159 reconstructed space points. The TPC enables charged-
particle tracking beyond the ITS and particle identication via the measurement of the
specic ionisation energy loss (dE/dx) with a resolution of up to 5.5% [52].
The EMCal [53] is a layered lead-scintillator sampling electromagnetic calorimeter. In
Run-1 at the LHC, it covered 107 in azimuth and jj < 0:7 in pseudorapidity. The front
face of the EMCal is situated about 450 cm from the beam axis in the radial direction. The
3072 modules are arranged in 10 full-sized and 2 one-third-sized supermodules, consisting
of 12  24 and 4  24 modules, respectively. The EMCal has 12288 towers, and each
tower has a size of 6  6 cm2. The energy resolution of the EMCal is E=E = 4:8%=E 
11:3%=
p
E  1:7%, where E is the energy in GeV [52].
The V0 detector [54] consists of two arrays of scintillator tiles at both forward, 2:8 <
 < 5:1 (V0A) and backward,  3:7 <  <  1:7 (V0C) pseudorapidity regions. They are
placed at distances z = 3:4 m (V0A) and z =  0:9 m (V0C) from the nominal interaction
point and have full azimuthal coverage. This detector was used for triggering, and event
centrality determination. The Zero Degree Calorimeters (ZDCs) [55], located close to
the beam pipe, measure the spectator protons and neutrons. They consist of two sets of
neutron (ZNA and ZNC) and proton (ZPA and ZPC) calorimeters positioned on either
side of the interaction point at z = 112:5 m. They are used to remove the contamination
from beam-background interactions and also to determine the centrality of the collisions.
2.2 Data sample and event selection
This analysis used 100 million minimum-bias (MB) events and 0.9 million events triggered
by a high energy deposit in the EMCal, both recorded during the p-Pb run in 2013. The
MB trigger requires a coincidence of signals in the V0A and V0C detectors. The MB
dataset was used for the measurement of electrons from heavy-avour hadron decays in
the range 2 < pT < 8 GeV=c. The EMCal trigger was used to record electrons at high-pT
and therefore extends the kinematic reach of the MB measurements. In this analysis, the
data were collected with a Level-1 trigger [56, 57], which is a hardware trigger consisting
of the sum of energy in a sliding window of 4  4 towers above a given threshold, where a
tower is the smallest segmentation of the EMCal. The p-Pb data collected with the EMCal
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Centrality class hTpPbi
0{20% 0.1649  5.4%
20{40% 0.1374  2.4%
40{60% 0.1016  5.1%
60{100% 0.0459  5.2%
Table 1. hTpPbi values in p-Pb collisions at psNN = 5:02 TeV obtained with the hybrid method
using the ZNA, as described in [59].
trigger with energy thresholds of about 7 GeV and 11 GeV were used to measure charged
particle tracks in the ranges 8 < pT < 12 GeV=c and 12 < pT < 20 GeV=c, respectively.
The primary vertex was reconstructed using tracks in the ITS and TPC. A selection
on the vertex position along the beam axis (z) within 10 cm from the nominal interaction
point was applied in the analysis.
The integrated luminosity analysed was Lint = 47:8 1:6b 1 for MB data, and
Lint = 0:191 0:018 nb 1 (Lint = 1:62 0:15 nb 1) for the lower (higher) EMCal trigger
threshold.
2.2.1 Centrality determination
The centrality estimation was based on the ZNA detector which measures the multiplicity
of neutrons produced in the interaction. The event properties (the number of participant
nucleons, Npart, and the number of binary collisions, Ncoll) were calculated based on a
Glauber model coupled to a negative binomial distribution, as described in [58]. Due to its
large -separation from the central barrel detectors, the ZNA is expected to be the least
biased centrality estimator, as demonstrated in [44]. The values of Npart, Ncoll, and the
nuclear overlap function TpPb were obtained using the hybrid method.
The hybrid method relies on two main assumptions: the rst is to assume that an event
selection based on ZNA does not introduce any bias on the bulk at midrapidity and on
high pT particle production; the second assumption is that the Ncoll determination is based
on a particular scaling for particle multiplicity, where it is assumed that the charged-particle
multiplicity measured at midrapidity scales with the number of participants [44, 59].
The values of the average nuclear overlap function hTpPbi obtained with the ZNA in
the four multiplicity classes used for the analysis were obtained using the formula hTmultpPb i =
hNmultcoll ii=NN, where Nmultcoll is the number of binary collisions calculated in each multiplicity
interval and NN = (67:60:6) mb is the inelastic nucleon-nucleon cross section at psNN =
5:02 TeV, estimated from interpolating data at dierent centre of mass energies [59]. The
values of hTpPbi are reported in table 1.
2.2.2 Trigger scaling factor
Due to the trigger enhancement of electrons at high-pT, the yields obtained using the
EMCal triggered data samples were corrected by the trigger scaling factor in each centrality
class. This correction was obtained via a data-driven method where the cluster energy
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Figure 1. Example of a trigger turn-on curve for the multiplicity class 0{20%. Each scaling factor
was obtained by tting a constant to the plateau region (dashed lines) of the distribution. The
resulting values are summarised in table 2.
Centrality class Scaling factor for EclusterEMC >11 GeV Scaling factor for E
cluster
EMC >7 GeV
0{20% 3348  285 873  79
20{40% 4070  346 1078  97
40{60% 5400  459 1484  134
60{100% 11113  945 3161  284
0{100% 5439  462 1432  129
Table 2. Values of the EMCal trigger scaling factor and their systematic uncertainties for the
EclusterEMC > 11 GeV trigger and the E
cluster
EMC > 7 GeV trigger.
distribution in triggered-data was divided by the cluster energy distribution in minimum-
bias triggered data. The ratio of these distributions give the turn-on curve. Figure 1 shows
one example of the turn-on curve (EclusterEMC > 11 GeV and E
cluster
EMC > 7 GeV) of the trigger for
the centrality class 0{20%, as a function of the energy for all clusters in the EMCal detector.
The scaling factor was obtained by tting a constant to the plateau of the turn-on
curve in an interval above the trigger threshold where the distribution attens. The values
obtained for the scaling factor are summarised in table 2. The uncertainties on the ts are
approximately 1% and the systematic uncertainties were obtained using dierent t ranges
on the plateau (as discussed in section 4).
3 Analysis
The electron identication (eID) was performed using a combination of two dierent strate-
gies. For the low-pT interval (2 < pT < 8 GeV=c) only the TPC signal was used to identify
electrons, since in this pT range the specic ionisation energy loss (dE=dx) of the electrons
{ 7 {
J
H
E
P02(2020)077
in the TPC is well separated from that of the hadrons. For the high-pT (8 < pT < 16 GeV=c
for the multiplicity analysis and 8 < pT < 20 GeV=c for the integrated analysis) measure-
ments, the combination of both the TPC and the EMCal detectors was used, since above
8 GeV=c the dE=dx distribution of pions begins to merge with the dE=dx distribution of
electrons. The usage of the EMCal reduces the amount of hadron contamination, since
they can be well separated using the ratio of energy (E) deposited in the EMCal to the
momentum (p) of the tracks. For electrons, E=p is around unity since they deposit all
of their energy in the EMCal and their mass is relatively small compared to their energy.
Therefore, E=p can be used to select electrons and reject hadrons.
The charged-particle track selection criteria used in this analysis are similar to that
used in previous measurements of electrons from heavy-avour hadron decays in pp colli-
sions [60, 61] and p-Pb collisions [33]. For the track quality selection, a minimum of 100
clusters in the TPC were required and at least 4 (3) clusters in the ITS for the MB (EMCal
trigger) data sample. The requirement of two SPD hits reduces the number of electrons
from  conversions in the detector material. Within the EMCal acceptance there are dead
regions in the rst layer of the SPD, therefore at high pT (pT > 8 GeV=c) only one hit was
required. The tracks used for the analysis were also required to be close to the primary
vertex. The distance of closest approach (DCA) to the primary vertex was required to be
DCAxy < 2:4 cm in the transverse plane and DCAz < 3:6 cm in the longitudinal direction
(beam axis) in order to reject background and non-primary tracks.
After selecting high quality tracks, the energy loss in the TPC was used to select
electron candidates. The selection was based on the number of standard deviations of the
measured signal from the signal expected if the track was an electron, nTPC . An example of
the nTPC distribution is shown in gure 2 for 2 < pT < 2:5 GeV=c. A Gaussian distribution,
centered around zero, describes the electron candidates, and the pions and protons are
the curves around nTPC =  4 and nTPC =  8, respectively, for this pT bin. Pions are
described by a Landau distribution multiplied by an exponential distribution, while the
protons are described by a Gaussian distribution. For the low pT (2 < pT < 8 GeV=c)
analysis, electrons were selected by requiring 0 < nTPC < 3 to avoid an overlap with the
pion band. For this selection, the hadron contamination is negligible for 2 < pT < 6 GeV=c
and 0.5% for 6 < pT < 8 GeV=c.
For the high-pT (8 < pT < 16 GeV=c for the multiplicity analysis and 8 < pT <
20 GeV=c for the integrated analysis) measurements, where the EMCal trigger was used, the
electron candidates were selected in the band  1 < nTPC < 3 and E=p distributions were
used to remove the hadron contamination and to count the electron candidates. Figure 3
shows the E=p distribution for 8 < pT < 10 GeV=c for the lower EMCal trigger threshold
(left) and for 12 < pT < 14 GeV=c for the higher EMCal trigger threshold (right) after
requiring  1 < nTPC < 3. Electrons are expected to be around unity while a hadron peak
arises around Eth/pT, where Eth is the EMCal trigger threshold.
To decrease the amount of hadron contamination, a condition on the electromagnetic
shower shape was used [18, 49]. The shower shape produced in the calorimeter has an
elliptical shape which can be characterised by its two axes: 2long for the long axis and
2short for the short axis. A rather lose selection of 
2
short < 0:3 was chosen, since it reduces
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Figure 2. The measured dE/dx in the TPC expressed as a standard deviation from the expected
energy loss of electrons, normalised by the energy-loss resolution (TPC) for 2 < pT < 2:5 GeV=c.
The various curves are the dierent t function results for the dierent peaks of the distribution.
A Gaussian distribution, centered around zero, describes the electron candidates, and the pions
and protons are the curves around nTPC <  4 (Landau distribution multiplied by an Exponential
distribution) and nTPC <  8 (Gaussian distribution), respectively.
E/p
0.4 0.6 0.8 1 1.2 1.4 1.6
En
tri
es
 / 
0.
04
0
0
20
40
60
80
100
120
140
160
180
200
 > 7 GeV cluster
 EMCETrigger 
 < 10 GeV/c
T
 8 < p
 = 5.02 TeVNNsALICE, p-Pb, | < 0.9η|
E/p
0.4 0.6 0.8 1 1.2 1.4 1.6
En
tri
es
 / 
0.
04
0
0
50
100
150
200
250
300
electron candidates
hadron candidates
 > 11 GeV cluster
 EMCETrigger 
 < 14 GeV/c
T
12 < p
Figure 3. E=p distribution for integrated centrality for 8 < pT < 10 GeV=c for the lower EMCal
threshold triggered events (left) and for 12 < pT < 14 GeV=c for the higher EMCal threshold
triggered events (right). The distributions are shown for electron candidates selected by the TPC
( 1 < nTPC < 3) (solid symbols) and for hadron candidates (open symbols) selected by the TPC
nTPC <  3:5.
the hadron contamination while at the same time does not signicantly aect the electron
signal. The hadron contamination was estimated in each multiplicity interval by measuring
E=p for hadrons, after requiring nTPC <  3:5. The E=p distribution for hadrons was scaled
to match the electron's E=p distribution in the range 0:4 < E=p < 0:7. The electron yield
was obtained by integrating the distribution for 0:8 < E=p < 1:2 and subtracting the
hadronic contribution statistically. For 8 < pT < 10 GeV=c the hadron contamination is
around 18% and for 12 < pT < 14 GeV=c it is around 35% for integrated centrality.
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The background electrons, which are mainly from electrons produced by  conversions
( ! e+e ) in the material and Dalitz decays of neutral mesons, e.g. 0 !  e+e  and
 !  e+e , were removed using an invariant mass method [33]. Since these electrons are
produced in e+e  pairs and therefore their invariant mass should be less than the pion
mass, a selection of 0.15 GeV/c2 was required. The eciency was determined using two
Monte Carlo (MC) samples, where, in both of them, pp collisions generated with PYTHIA
were embedded in p-Pb events simulated by HIJING [62]. The rst sample was generated
requiring that each PYTHIA event contains a cc or bb pair decaying semileptonically,
using the generator PYTHIA v6.4.21 [63] with the Perugia-0 tune [64]. This enhancement
of heavy-avour electrons increases the statistical precision of the total electron eciency
(reconstruction and identication eciency) determination at intermediate and high pT.
The second sample used in this analysis included an enhancement of 0 and  mesons
in order to increase the statistical precision of the eciency of nding pairs using the
invariant mass method. The simulated 0 and  pT distributions were reweighted to match
the measured shapes. The 0 spectra were estimated as the average of the spectra of
+ and   [65, 66] and the  spectra were estimated using mT scaling, as in [33]. The
eciencies were around 70% for the low pT (2 < pT < 8 GeV=c) analysis and around 85%
for the high pT bins (8 < pT < 16 GeV=c), independent of the multiplicity class.
The pT-dierential invariant cross section hfe of electrons from heavy-avour hadron
decays (hfe) was calculated as
1
2pT
d2hfe
dpTdy
=
1
2
1
2pcentreT
1
ypT
N rawhfe
(geo  reco  eID)
V0MB
N
; (3.1)
where pcentreT is the centre of the pT bin, pT is the width of the pT bin, and y is the
rapidity range where the analysis was performed. N is the number of events analysed and
V0MB = 2:090:07 b is the p-Pb cross section for the minimum-bias V0 trigger condition [67].
In the case of the analysis using the EMCal trigger, N is the number of events that satisfy
the trigger requirements multiplied by the trigger scaling factor. reco is the track recon-
struction eciency, eID is the electron identication eciency, and geo is the acceptance of
the detectors. N rawhfe is the number of electrons from heavy-avour hadron decays, obtained
by subtracting the background electrons from the inclusive electron distributions.
For the MB data, the total eciency including acceptance is around 28% and for the
EMCal triggered data, due to its nite acceptance, the value is around 12%, independent
of multiplicity class in the measured pT range. To take into account the momentum res-
olution and the energy loss due to bremsstrahlung in the detector material, an unfolding
procedure based on Bayes' theorem was applied [68, 69]. The remaining residual back-
ground originating from semileptonic kaon decays, dielectron decays of J/ mesons, and
W boson decays to electrons was evaluated using simulations and were removed from the
electron yield. While the contribution from kaon decays is negligible, J/ mesons have a
maximum contribution of 2.9% around 3.5 GeV=c and W boson decays have a maximum
contribution of 2.5% at 20 GeV=c.
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4 Systematic uncertainties
Systematic uncertainties were estimated as a function of pT by repeating the analysis and
varying the selection criteria in each centrality class. For the RpPb and QpPb measurements,
the uncertainties were evaluated by analysing the invariant yield separately for each cen-
trality class. For the Qcp measurement, the systematic uncertainties were estimated by
evaluating the variations directly on the Qcp for each centrality interval. The dierent
sources of systematic uncertainties are further discussed in this section.
The systematic uncertainties on the track selection, track matching, and electron iden-
tication were obtained via multiple variations of the selection criteria. For the track
selection the minimum number of space points in the TPC and the hits in the ITS were
varied. The systematic uncertainty for the matching between the ITS and TPC was taken
as 3% according to [70]. The TPC and EMCal track matching uncertainty was assigned to
be 1%, as determined by varying the size of the matching window in pseudorapidity and
azimuth for electron candidates that were extrapolated to the calorimeter. The restriction
on nTPC was varied to determine the systematic uncertainty on electron identication with
the TPC. For the EMCal based electron identication, the E=p range and shower shape
criteria were varied around their nominal value.
The uncertainties on the measurement of the background were obtained by varying
the invariant mass criteria of the electron-positron pairs, the minimum pT of the tracks
paired with electron candidates, and the opening angles between the electron-positron
pairs. The uncertainty from the re-weighting procedure performed on the 0 and -meson
pT distributions in MC simulations was estimated by changing the weights by 10% and for
both a negligible eect on the yield measurement was found. The systematic uncertainties
of the heavy-avour electron yield due to the subtraction of the remaining background
originating from semileptonic kaon decays and dielectron decays from J/ mesons are
negligible ( 0:06%). This was estimated by changing the electron yields from the J/ 
and kaon decays by 50% and 100%, respectively. The systematic uncertainty for the
yield of electrons from W boson decays is also negligible (< 0:5%). It was measured by
varying the yield of electrons from W boson decays by 15%.
For part of the analysed p-Pb dataset, fewer high-pT particles were observed for neg-
ative  than positive . The dierence is related to distortions on the negative  side of
the TPC, and the eect was corrected using a data-driven method. The spectra of charged
particles were obtained in both negative and positive  sides and the negative side was
corrected in order to match the positive side. A systematic uncertainty of 5% was assigned
to cover remaining dierences.
The systematic uncertainty for the EMCal trigger correction was obtained by changing
the t ranges on the plateau of the turn-on curve. There is a 8.5% deviation for the
highest threshold and 9% for the lowest threshold, which is assigned as the systematic
uncertainty. It is centrality and pT independent and applied to the yield obtained using
the triggered data.
The systematic uncertainties are summarised in table 3. Since the sources are uncor-
related, they were added in quadrature to give a total systematic uncertainty, which is
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Sources TPC only (yieldcent/Qcp) (%) TPC+EMCal (yieldint/yieldcent/Qcp) (%)
Track selection 2 / 2 No eect
ITS-TPC matching 3 / cancels 3 / 3 / cancels
TPC-EMCal matching not applicable 1 / 1 / cancels
TPC eID 3 / 3 5 / 5 / 5
EMCal eID not applicable 3 / 3 / 3
Invariant mass method 3 / 3 3 / 3 / 3
J/ electron background negl. 0.06 / 0.06 / cancels
W electron background negl. 0.3 / 0.3 / cancels
0,  weight negl. negl.
 A vs C side not applicable 5 / 5 / 7
EMCal trigger correction not applicable 8.5 and 9 / 8.5 and 9 / cancels
Total 6 / 5 12 and 13 / 12 and 13 / 10
Table 3. Systematic uncertainties for the TPC only and TPC+EMCal analysis in percentual
values. yieldint and yieldcent represent the invariant yield for integrated centrality and for dierent
centrality classes, respectively. For the EMCal trigger correction, the two values presented are for
EclusterEMC > 11 GeV and E
cluster
EMC > 7 GeV, respectively.
6% for MB data and 13% (12%) for EMCal lower threshold (higher threshold) triggered
data. For the Qcp measurement, they are 5% and 10%, respectively. In the table the
systematic uncertainties are presented in the pT range of 2 < pT < 8 GeV=c (TPC only
yieldcent/Qcp), EMCal triggered analysis (TPC+EMCal yieldcent/Qcp) for the pT range of
8 < pT < 16 GeV=c and EMCal triggered analysis (for integrated centrality, TPC+EMCal
yieldint), for the pT range of 8 < pT < 20 GeV=c.
5 pp reference
To measure the nuclear modication factor (RpPb or QpPb) a reference cross section for pp
collisions at the same centre-of-mass energy is needed. The RpPb results from [33] are up-
dated for 0:5 < pT < 10 GeV=c using a recent measurement of electrons from heavy-avour
hadron decays in pp collisions at
p
s = 5:02 TeV [71]. Using the new pp reference, the RpPb
uncertainties are improved by a factor of 2{4, depending on the transverse momentum.
For the higher pT interval 10 < pT < 20 GeV=c, a scaling was performed using the
ATLAS data [72] at
p
s = 7 TeV within the same pT region. Since perturbative quantum
chromodynamics (pQCD) calculations at xed order with next-to-leading-log (FONLL)
calculations [73{75] describe the data at 5.02 TeV and 7 TeV within experimental and
theoretical uncertainties, they were used to scale the ATLAS data to 5.02 TeV. The scaling
is pT dependent and based on the ratio of spectra at 7 TeV and 5.02 TeV. Since the rapidity
coverage of the ATLAS measurement is dierent (jyj < 2 excluding 1:37 < jyj < 1:52)
from this measurement (jyj < 0:6) the ratio of pT-dierential cross sections of heavy-
avour decay electrons measured in two dierent rapidity regions were corrected based on
FONLL calculations. The systematic uncertainties on the scaled ATLAS pp spectrum at
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Figure 4. The pT-dierential invariant cross section of electrons from heavy-avour hadron decays
in p-Pb collisions at
p
sNN = 5:02 TeV. The statistical uncertainties are indicated for both spectra
by error bars and the systematic uncertainties are shown as boxes. The published result is shown
for 0:5 < pT < 8 GeV=c [33], and the measurement using the EMCal trigger is shown up to
pT = 20 GeV=c.
p
s = 5:02 TeV range from 18% to 13% in the pT bins used in this analysis. The statistical
uncertainties are from the ATLAS measurement.
In summary, in this paper, RpPb and QpPb are calculated using the pp reference mea-
sured by ALICE at
p
s = 5:02 TeV [71] up to 10 GeV=c and using ATLAS data [72] scaled
to 5.02 TeV for pT > 10 GeV=c.
6 Results
The pT-dierential invariant cross section of electrons from semi-leptonic decays of heavy-
avour hadrons in p-Pb collisions at
p
sNN = 5:02 TeV is shown in gure 4 as a function
of pT. The published data which were measured using the TPC, TOF, and EMCal detec-
tors [33] are also shown in gure 4. In this work, the pT-dierential invariant cross section
results are improved in the pT range 8{12 GeV=c and extended up to pT = 20 GeV=c, using
the statistics collected with the EMCal trigger.
Figure 5 shows the cross section of electrons from semi-leptonic decays of heavy-avour
hadrons in p-Pb collisions at
p
sNN = 5:02 TeV measured in dierent multiplicity classes
and corrected for detector acceptance and eciency. The multiplicity classes were esti-
mated based on the ZNA detector, as described in section 2, and the cross section of
electrons from semi-leptonic decays of heavy-avour hadrons were measured in 0{20%,
20{40%, 40{60%, and 60{100% multiplicity classes.
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Figure 5. The pT-dierential invariant cross section of electrons from heavy-avour hadron decays
in several charged-particle multiplicity classes in p-Pb collisions at
p
sNN = 5:02 TeV. The statis-
tical uncertainty of each spectrum is indicated by error bars and the systematic uncertainties are
indicated by boxes.
Figure 6 shows the nuclear modication factor RpPb of electrons from heavy-avour
hadron decays as a function of transverse momentum. The published results for 0:5 < pT <
8 GeV=c [33] are updated using the heavy-avour hadron decays measurements obtained
by ALICE in pp collisions at
p
s = 5:02 TeV [71]. The results from 8 < pT < 20 GeV=c
were calculated using the pT-dierential invariant cross section obtained by the EMCal
trigger, as presented in gure 4.
The statistical and systematic uncertainties of the spectra in p-Pb and pp collisions
were propagated as independent uncertainties. The normalisation uncertainties are shown
as a solid box around the dotted line along RpPb = 1. The RpPb is consistent with unity
within uncertainties over the whole pT range of the measurement. Thus, the measurements
are consistent with no modication over the measured pT range. Heavy-avour electrons
coming from beauty decays are dominant in the high-pT region, in particular for pT >
4 GeV/c [44, 46], where the measurements were extended with the EMCal trigger. The
results thus show that the beauty production is not modied in p-Pb collisions within the
kinematic range of this measurement.
The results are compared with dierent theoretical models. Theoretical model
calculations which consider coherent multiple scatterings, including energy loss in the
CNM and nuclear shadowing [76], results from pQCD calculations, using FONLL [73]
+ EPS09NLO [22], that include initial-state eects (nuclear shadowing), and Blast-wave
calculations [41], which assume the formation of a hydrodynamically expanding medium,
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Figure 6. Nuclear modication factor, RpPb, of electrons from heavy-avour hadron decays as
a function of transverse momentum for minimum-bias p-Pb collisions at
p
sNN = 5:02 TeV. The
vertical bars represent the statistical uncertainties, and the boxes indicate the systematic uncer-
tainties. The systematic uncertainty from the normalisation, common to all points, is shown as a
solid box at high pT at RpPb = 1. The published results [33] are updated using the heavy-avour
hadron decays measurement obtained by ALICE in pp collisions at
p
s = 5:02 TeV [71]. The points
above 8 GeV=c are updated and extended using the EMCal trigger. The results are compared with
theoretical models [22, 39, 41, 73, 76], as described in the text.
are all in agreement with the measurements, predicting RpPb close to unity. Calculations
based on incoherent multiple scatterings predict an enhancement at low pT [39], which is
not observed in the measurements.
The multiplicity dependence of the production of heavy-avour electrons was studied
by measuring the nuclear modication factor in each multiplicity class, QpPb, which was
calculated as dened in eq. (1.2). Figure 7 shows the QpPb results for 0{20%, 20{40%,
40{60%, and 60{100% multiplicity classes in p-Pb collisions at
p
sNN = 5:02 TeV. The
uncertainty on the average nuclear overlap function hTmultpPb i for each centrality selection is
given in table 1. The pp reference uncertainties were propagated to the nal uncertainty
of QpPb. It is found that the QpPb is close to unity. A comparison between these results
and the PHENIX measurements of electrons from heavy-quark decays in d+Au collisions
at
p
sNN = 200 GeV [40] is shown in gure 7. This gure also shows the ALICE results for
charged particles measured in p-Pb collisions at
p
sNN = 5:02 TeV [44].
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Figure 7. Nuclear modication factors QpPb as a function of pT in the 0{20%, 20{40%, 40{60%,
and 60{100% multiplicity classes selected with the ZNA estimator in p-Pb collisions at
p
sNN =
5:02 TeV. The dierent panels of the gure are for dierent multiplicity classes. The vertical error
bars and the empty boxes represent the statistical and systematic uncertainties, respectively. The
solid boxes at high pT at QpPb = 1 represent the normalisation uncertainties. The results are
compared with the PHENIX results on electrons from heavy-avour hadron decays [40] in d+Au
collisions at
p
sNN = 200 GeV and with ALICE charged particle results [44] in p-Pb collisions atp
sNN = 5:02 TeV.
These measurements are compatible with charged-particle results, which may hint to
no mass dependence of particle production in p-Pb collisions. However, PHENIX results
are higher than these results, which may indicate smaller CNM eects at the LHC. The
dierences can also be explained by the fact that the radial ow at RHIC is expected to
be larger than the radial ow at the LHC [40, 41].
In Pb-Pb collisions, a suppression of electrons from heavy-avour hadron decays was
observed not only in the 0{10% most central but also in the 50{80% centrality class [18], and
the magnitude of the suppression increases from peripheral to the most central collisions.
On the other hand, in p-Pb collisions, the QpPb is consistent with unity within the statistical
and systematic uncertainties over the whole pT range of the measurement, showing no
evidence for a multiplicity dependence. The spectrum of electrons from heavy-avour
hadron decays in p-Pb collisions is thus consistent with the spectrum in pp collisions at the
same centre-of-mass energy scaled by the number of binary collisions for all centrality bins.
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Figure 8. Qcp of electrons from heavy-avour hadron decays in 0{20%, 20{40% and 40{60%
multiplicity classes in p-Pb collisions at
p
sNN = 5:02 TeV. The vertical error bars and the empty
boxes represent the statistical and systematic uncertainties, respectively. The solid boxes at high pT
at Qcp = 1 represent the normalisation uncertainties. The results are compared to ALICE results
on charged particles in p-Pb collisions at
p
sNN = 5:02 TeV [44].
The ratio of the nuclear modication factor of electrons from heavy-avour hadron
decays in central collisions with respect to peripheral collisions was calculated as dened
in eq. (1.3).
The advantage of measuring the Qcp is that it has a smaller systematic uncertainty
when compared to QpPb, since Qcp does not depend on the pp reference. Also, some of
the uncertainties are correlated for dierent centralities and they cancel when considering
the ratios. Figure 8 shows the Qcp of electrons from heavy-avour hadron decays in p-
Pb collisions at
p
sNN = 5:02 TeV. The results are consistent with unity given the statistical
and systematic uncertainties. A comparison of the electrons from heavy-avour hadron
decays and charged particles Qcp is shown in gure 8. Within systematic uncertainties, the
results are compatible and no conclusion about mass dependence can be obtained.
Since the Qcp results are compatible with unity within systematic uncertainties, no
modication of the spectra in central collisions with respect to peripheral collisions is
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observed. This feature is an indication that CNM eects in the production of electrons from
heavy-avour hadron decays within the measured pT interval are not centrality dependent.
Several previous measurements of light-particle production show that p-Pb collisions
cannot be explained by an incoherent superposition of pp collisions, but show the presence
of coherent and collective eects [65, 77{79]. For light avours, there is an indication
of Cronin enhancement in the results for central collisions, although the results are also
compatible with unity, given the normalisation systematic uncertainty. Our measurements
probed such eects in the heavy-avour sector, showing that these eects are similar for
all centralities within the uncertainties.
7 Summary
The pT-dierential cross sections of electrons from heavy-avour hadron decays were mea-
sured up to 20 GeV=c using EMCal triggered data, which extends the previously reported
ALICE measurement [33]. It is found that the updated and extended measurement of the
RpPb is consistent with unity as observed in [33] and at the same time is still consistent
with theoretical predictions including CNM eects and radial ow. The pT-dierential
cross sections of electrons from heavy-avour hadron decays were also measured in four
multiplicity classes in p-Pb collisions at
p
sNN = 5:02 TeV in the transverse momentum
range 2 < pT < 16 GeV=c at midrapidity. The TPC detector was used to measure the
yield for 2 < pT < 8 GeV=c and the combination of the TPC and the EMCal detectors
were used for 8 < pT < 16 GeV=c in EMCal triggered data set. The nuclear modication
factor, QpPb, was evaluated for four multiplicity classes and the results are all consistent
with unity. There is no indication of multiplicity dependence in the production of electrons
from heavy-avour decays in p-Pb collisions with respect to that of pp collisions at the same
centre-of-mass energy. The Qcp results are consistent with unity with smaller statistical
and systematic uncertainties, showing that the production of electrons from heavy-avour
hadron decays is the same for central and peripheral collisions. The QpPb and Qcp mea-
surements suggest that there is no multiplicity dependence of the production of electrons
from heavy-avour hadron decays in p-Pb collisions at
p
sNN = 5:02 TeV. Hence, their
production is not aected by the number of charged particles produced in the collision.
These results indicate that the suppression of the yield of heavy-avour production in Pb-
Pb collisions at high pT is not an initial-state eect, but a nal-state eect induced by the
hot medium. They also indicate that the CNM eects on heavy-avour production are
negligible in both central and peripheral collisions at midrapidity.
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